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Also shown in Fig. 17 is the upper-bound recession rate associated
with mechanical removal of the melt layer before it vaporizes. The steady-
state surface energy balance yields the following expression for the mechani-

cal removal model:

H
. A 4
. q°< -———HR>- deTm
= H.( (48)
L

m =
Tm)_HB

That is, the surface is presumed to be at the melt temperature, such that the
mass removed absorbs only the energy required to raise it from TB to Tm
plus the heat of fusion., Since there is no vaporization of the liquid, there is
no blowing correction to the aerodynamic heat flux, and the gas adjacent to
the surface is assumed to be air with enthalpy H, evaluated at the surface

temperature (i.e., Tm).

Therefore, Fig. 17 contains both the upper- and lower-bound recession
rate models from a liquid carbon surface. It is apparent that the upper-bound
recession rate is only about 2,5 times greater than the lower-bound value.
This relatively small difference (compared to other ablative materials) stems
from the large heat of fusion (see Appendix) and the high melt temperature,
which results in a large effective heat of ablation. For the melt temperature
of 6840°R and heat of fusion of 25 kcal/mol, the denominator of Eq. (48) yields

HL(Tm) - HB = 6590 Btu/lb (49)

It was speculated in Section II-D that the large recession rates predicted
by Kratsch were due to mechanical removal of the melt layer. The results
obtained from Eq. (48) indicate much smaller recession rates, indicating that
mechanical removal is not the explanation. In any event, it is obvious that

the present results are in total disagreement with those of Kratsch,
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The steady-state melt layer thickness obtained from Eq. (44) is shown
in Fig. 19 for two different values of recovery enthalpy. The liquid thermal
diffusivity was assumed to be an order of magnitude smaller than the diffu-
sivity of solid graphit:e21 . Since the melt layer thickness is linear with the
liquid diffusivity, the thickness for other values of o, may be obtained by
scaling the values of Fig. 19,

The results indicate that the melt layer thickness for a flight environ-
ment will range from one mil to 10 milc depending upon the severity of the
environment. Although these values are quite small relative to a typical
nosetip radius, it cannot be stated that they are sufficiently small to resist
flowing of the liquid carbon. Resolution of this question would require an
analysis of the dynamics of the liquid layer and is beyond the scope of this
report. The calculation for a low enthalpy flow (typical of a high-pressure
arc jet) yields melt layer thicknesses less than half a mil. The greatly
reduced thickness for the low enthalpy case is due to a much lower surface
temperature (=7000°R) than that of Fig. 18. These small thicknesses may
explain why molten carbon is not readily observable in high-pressure arc jet

facilities,

B STEADY-STATE CONDUCTION ASSUMPTION

As indicated in Subsection II-E, the use of the steady-state conduction
assumption can lead to substantial errors in the predicted surface mass loss,

In this subsection, calculations are presented for both the steady-state con-

duction model and the transient expression of Eq. (41). Ncminal graphite
properties were used, and the thermal diffusivity was taken as 0, 0001 ftZ/sec.
The surface energy balance was solved for several values of heat flux using
the equilibrium sublimation assumption. The results are shown in Fig. 20,
where it is apparent that the use of the steady-state conduction model over-

predicts the recession by as much as a factor of two at early times., As

21

ST Ty

White, H.M., "Estimation of Some Carbon Properties at the Triple Point, "
Report No, TOR-669(S6811-20)-12, The Aerospace Corporation, San
Bernardino, Calif,, June 1966.
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indicated by the criteria of Eq. (42), the steady-state approximation becomes

increasingly valid as time and recession rate increase.

aG. COMPARISON WITH EXPERIMENTAL DATA

The equilibrium and nonequilibrium ablation models are compared, in
this subsection, with the available carbon sublimation data. Since thé main
concern of this report is with convective heating in an air environment,
attention is restricted to data which fall into this category. The best such
data has been obtained at NASA-AMES in a low-pressure arc jet facility,
first by ]‘.,undell22 and later by Maurer23. The main difference between the
two sets of data is that the convective heat flux for Maurer's tests was aug-
mented by a radiative heat flux tu obtain higher surface temperatures. The
only correction made to the data was to add 100°K to the tabulated surface
brightness temperature of Maurer to obtain the true temperatures. The

blowing law of Eq. (13) was used to cast the data in terms of B'.

The equilibrium and nonequilibrium calculations are compared with the
data in Figs. 21 through 23. The nonequilibrium calculations use the slow
nitridization assumption and the Dolton vaporization coefficients. The Lundell
data (Fig. 21) is in good agreement with the equilibrium theory. This close
agreement obviously precludes the necessity of invoking mechanical erosion
arguments to match the data., (This does not, of course, explain the presencé

of the particulate matter observed by Lundell.)

In contrast to the Lundell data, the Maurer data is seen to be in closer
agreement with the nonequilibrium calculations. The low-pressure data of
Fig. 23 lies below the lower bound melt temperature of 6840°R and is in

excellent agreement with the nonequilibrium calculation for solid carbon,

Ze
Lundell, J,H., and R.R. Dickey, "Ablation of ATJ Graphite at High
Temperatures, " AIAA Journal, 11(2), pp. 216-222, January 1973,

Maurer, R.E., et al.,, "Graphite Sublimation Under Low and High Con-

vective Mass Transfer Environmeats, " ASME Paper 76-ENAS-68,
July 1976,
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However, the data of Fig. 22 lies above this value for melt temperature and
is in good agreement with the nonequilibrium calculation for liquid carbon,
While this may tend to support the presence of liquid carbon (if the triple
point pressure is less than one atm), this conclusion can hardly be regarded
as other than very tentative. No evidence of liquid carbon was seen during
* the tests (the predicted steady-state melt layer thickness was 0,003 in.) and,
in particular, the quoted accuracy of the surface temperature measurements
(£ 2 percent) is sufficiently large to move the data to the solid nonequilibrium

calculation of Fig. 22,

Even allowing for the uncertainty in surface temperature, the Maurer %
data shows definite nonequilibrium effects; it is concluded that the nonequilib-
rium calculation using the Dolton vaporization coefficients best represents
the data.




IV, SUMMARY AND CONCLUSIONS

An examination of the nonequilibrium carbon ablation process has been
presented. The study has focused on the shortcomings of the available
analyses and has undertaken a systematic examination of the assumptions
that are usually invoked in the nonequilibrium model for carbon ablation,
The major areas of investigation included the influence of the assumed
chemical state (i.e., frozen or equilibrium reactions), ablation from a mol-
ten carbon surface, and the computational considerations associated with

solving the system of equations.

The assumptions of fast and slow heterogeneous nitridization reactions
were examined in conjunction with an equilibrium gas phase. The results
indicated significant recession rate differences only for extreme departures
from equilibrium. It was concluded that, for the nominal range of pressure
and heat flux for ground test and flight environments, the differences are
small (on the order of 10 percent). The assumption that the carbon sublima-
tion species are frozen in the gas phase was also examined and found to exert

no significant influence on the recession rate.

Although the various reaction rate assumptions were found to exert

only small influences on the recession rate, the only self-consistent model

was found to be the slow nitridization assumption with an equilibrium gas

phase. Comparisons of the slow nitridization model with experimental data

show reasonable agreement (using Dolton vaporization coefficients), and this

model is recommended for adoption.

The sublimation from a liquid carbon surface was handled by assuming
that the melt layer was sufficiently thin to adhere to the surface without
mechanical removal. The liquid carbon assumption was found to result in
a substantial reduction of the predicted B', as compared to the value ob-

tained for vaporization from a solid surface. Application of the carbon melt




layer calculation to flight environments yielded slightly lower recession
rates than the solid carbon assumption but with an increase in surface
temperature of about 1000°R. It is hoped that these results will provide
some impetus for the experimental investigation of the liquid layer hypothe-

sis in ground test arc jet facilities.

A unified analysis of the nonequilibrium carbon ablation process has
been presented by treating the oxidation and sublimation regimes simul-
taneously. A computationally efficient solution procedure, requiring only a
single iteration loop, is utilized to solve the system of equations. Conver-
gence of the iteration scheme is sufficiently fast to utilize the method as a

subroutine package for inclusion into thermodynamic material response codes.

Finally, some comments concerning recommendations for future abla-
tion tests are in order. The analysis of this report has treated the vapori-
zation coefficients as known quantities., The results of this investigation
indicate that the uncertainties in the vaporization coefficients exert sub-
stantially more influence on the ablation predictions than do the uncertainties
in the gas/solid reaction rates. In order to experimentally investigate the
vaporization process in the absence of chemical reactions, it is recommended
that a series of arc jet ablation tests be carried out in an inert atmosphere.
Both ATJ-S and the current carbon-carbon composite materials should be
tested. In addition, since no carbon-carbon ablation data exists in the sub-

limation regime, arc jet tests are also required for this material in air,

Further areas of investigation should include experiments to determine
the CZN heat of formation and reaction rates for heterogeneous carbon-

nitrogen reactions, for both graphite and carbon-carbon.
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APPENDIX A

VAPOR PRESSURE OF CARBON SUBLIMATION SPECIES

As discussed in the main text (Section II), the vapor pressure of each
gaseous carbon species is assumed to be a known function of temperature,.
These vapor pressures are presented in this Appendix for vaporization from
both solid and liquid carbon surfaces. The solid vaporization case is con-

sidered first.

A, VAPORIZATION FROM SOLID CARBON

The gaseous carbon species in equilibrium with the solid carbon surface

are denoted by Ci' The vaporization reaction is given as

Coaalid >4 (A-1)

For this reaction, the third law gives

.Efcy [F%-n° )
bep. = —pr wr /. et (a-2)
i Ci solid

1

where Hg(Ci) is the heat of formation of Ci at OOK, and the heat of formation of

solid carbon has been set squal to zero by convention.

The free-energy function and partition function for the gaseous species

are related as follows:

F - H) ’
—RT G = - nQp(Ci) (A-3)

i
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The free-energy function is related to the specific heat by

FO T T

. :
-H c
298 _ 1 0
— 228 L) f c dT - f R dT - S)gq (A-4)
298 298

Note that the JANNAF7 thermochemical data uses a base temperature of
298°K. The free-energy functions at 0°K and 298°K are related by

T SR S 0 .0
F' -Hy F -Hygg Hy-Hygg

) R - T e

The free-energy function referenced to 298°K and the difference in
enthalpies between 0°K and 298°K are both tabulated in JANNAF.

For solid carbon, the JANNAF data yields

0 .0 0 .0
F--Hy F -Hyge , 252
T T T

(A-6)

The curve fits for specific heat in the ACE code were used to evaluate
the free-energy function for solid carbon by using Eq. (A-4). The final

result is

0 0
| 2ERC H298

T

=A(l-£nT)-%BT-%—-%+E (A-T)
2T

T € 3000°K:

= 5,861
0.954 x 10~
-0, 7666 x 10
4323,3
35,235

4

i

6

Boow>»
u

K




T 2 3000°K:

A = 4,85

B = 0.2916 x 107>
C = 0.3072 x 107
D = 893.7

E = 27.516

where all temperatures are in OK, and the units of the free-energy functions
are cal/mol-°K,

The use of Eqs. (A-6) and (A-7) in Eq. (A-2) provides all the necessary
information about the solid phase.

The partition functions were used to obtain the free-energy functions for
the gaseous carbon species (with the exception of C3). The Cy free energy

function was obtained from the curve fit by Pearsonl!3,

The enthalpy of solid carbon is required in the surface energy balance
and is given by

HO(s) = AT +%BTZ % +252.D cal/mol (A-8)

where (S) denotes solid properties,

B. VAPORIZATION FROM LIQUID CARBON

For vaporization from a liquid carbon surface, the third law yields

0 .0
0 .0 F -H
Inp; = -1‘2‘?0 3 FR'.I‘ =3 RT S
i <, liquid
o _ .0 isil
AH’ =H)(C,) - i HY (L) (A-9)

m

where (L) denotes liquid properties, and Tm denotes a quantity evaluated at
the melt temperature.

.
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The liquid carbon free energy function is given by

F-HT T TC(L)

0
f Cp(L)dT- f —Er—dT-sT (L)
T

e (A-10)

M-

liquid
m m

The entropy and enthalpy of the liquid, at the melt temperature, are related to

the corresponding solid values through the heat of fusion.

0 0 0
HY (L) = H) (5) + 4HO
m m
Au®
0 o oh F
s) (L) =83 (5) + = (A-11)
m m m

The enthalpy and entropy of the solid, at the melt temperature, are
obtained from the JANNAF data.

The additional data required to evaluate these expressions is the melt

temperature, the specific heat of liquid carbon, and the heat of fusion at the

melt temperature. The following values were obtained from WhiteZI:

AHF = 25 Kcal/mol

CP(L) 7.44 cal/mol-°K (A-12)

For a constant value of the liquid carbon specific heat, the free-energy

function of Eq. (A-10) becomes

(L) (A-13)
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The lower-bound melt temperature of 3800°K, obtained by Whittaker19
was used in most of the calculations.

The JANNAF values for solid carbon, at

this temperature, are given as

T = 3800°K
m

HY (S) = 19559 cal/mol
m

S9. (S) = 13.575 cal/mol-°K (A-14)
m

The enthalpy of the liquid carbon surface is required to solve the sur-

face energy balance and is given as

0

4
0 0
H (L) = H (S) + AH_ + G (L) 4T (A-15)
Tm F 'f‘/ p
m

All the calculations of this report used a constant value of Cp(L), for which

the integral of Eq. (A-15) is easily evaluated.

Finally, it is instructive to examine the ratio of liquid to solid vapor

pressures for temperatures greater than the melt temperature, The third
law relationships of Eqs, (A-1) and (A-9) are combined to yield
P_. (L)
(5 0 0
i L AdEF (L) F 8
I P, 6 - ‘[ RT ~ RT ] (A=16)
i

Substitution of the free-energy functions into this expression yields

P (L) T
LPSTERGNES Tk e 0 .1
lnﬁc_TST'R (T-T )AHF+T f [Cp(L)-Cp(S)]dT
i - T
m
Tec(w-cis
: - f s = B @Y (A-17)
T
m
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It is apparent that the second integral is larger in magnitude than the
first integral provided that the liquid specific heat exceeds the solid specific .
heat. This is clearly the case for the value of Eq. (A-12) (as compared with
the tabulated JANNAF values). Thus, for T > Tm it is obvious that the right-

hand side of Eq. (A-17) is negative. Therefore, the vapor pressure of carbon
species Ci’ in equilibrium with a liquid carbon surface, is less than the vapor
pressure of the same species in equilibrium with a solid carbon surface at a

temperature greater than the melt temperature. That is

<
Fe LS e
2 1

S) (A-18)




APPENDIX B

SELECTION OF CHEMICAL SPECIES

At the suggestion of the review committee, additional discussion and

justification for the choice of included species is provided in this appendix.

The choice of allowable species was constrained by accuracy and com-
putational considerations. Thus, all of the dominant species identified by
previous investigators were automatically included. Only two minor species | ]
were included (atomic oxygen and nitrogen) because they are potentially .
important with respect to the heterogeneous oxidation and nitridization reac-

tions, and their inclusion does not impact the solution procedure.

The inclusion of nitrogen-oxygen species into the formulation intro-
duces additional iteration loops into the solution procedure, is computationally

expensive, and is not warranted in terms of accuracy. At high temperatures,

the nitrogen must compete with the carbon for the available oxygen, and since
oxygen reacts far more readily with carbon, there is very little excess oxygen 1

available for the formation of nitrogen-oxygen compounds. At low tempera-

tures, where excess oxygen is available, the relevant equilibrium constants
are so small that nitrogen-oxygen compounds exist only as trace species.
These intuitive considerations were checked by running some exact equilibrium
cases with the ACE24 code over the range of pressures and temperatures of
interest. The results verify that the nitrogen-oxygen compounds aic insigni-

ficant., Thus, none of these species are included in the formulation.

The ACE results also indicxt> that the only significant carbon-oxygen

species are CO and CO2 and these are the only such species included.

24Powars, C.A. and R.M. Kendall, "User's Manual--Aerotherm Chemical

Equilibrium (ACE) Computer Program, " Aerotherm Corporation,
May 1969,
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The only carbon sublimation species included were those for which
reliable spectroscopic data exists (i,e., CI—CS)' Although some investi-
gations have included carbon species up to C31, their properties were
obtained from theoretical models utilizing assumption of unknown accuracy.

Although the inclusion of the higher order carbon species does not impose

any additional computational difficulty, it was felt that the uncertainty asso-

ciated with their thermochemical properties data justified their deletion.
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NOMENC LATURE

mass transfer parameter [defined in Eq. (3)]

enthalpy of solid carbon evaluated at some specified bulk
temperature

enthalpy of liquid carbon at temperature, T «
recovery enthalpy
enthalpy of carbon surface phase (either liquid or solid)

enthalpy of gas mixture adjacent to surface

pressure equilibrium constant

mass fraction of species i

mass fraction of element i

molecular weight of ga’s mixture

molecular weight of inert species

molecular weight of species i

molecular weight of carbon sublimation species Ci

total carbon mass loss

mass loss due to heterogeneous reaction of carbon with species i

surface pressure

partial pressure of species i

equilibrium vapor pressure of carbon sublimation species Ci
cold wall, nonblowing heat flux

universal gas constant

surface recession rate

temperature

time

—an
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NOMENCLATURE (Continued)

ﬂc vaporization coefficients for carbon sublimation species : l
i

é carbon melt layer thickness

P Cy cold wall, blowing heat flux parameter = q/l-lR

peu'.!CHO cold wall, nonblowing heat flux parameter = qo/HR

g thermal diffusivity

Subscripts

e boundary layer edge values
L L liquid carbon
w wall (surface) values

SuBerscrigts -

. denotes a heterogeneous carbon-nitrogen reaction

~ denotes an element




